Nitric oxide (NO) is known to depress ribosome biogenesis in vitro. In this study we analyzed the influence of exogenous NO on ribosome biogenesis in vivo using a proven antihypertensive model of perinatal NO administration in genetically hypertensive rats. Fawn-hooded hypertensive rat (FHH) dams were supplied with the NO-donor molsidomine in drinking water from 2 weeks before to 4 weeks after birth, and the kidneys were subsequently collected from 2 day, 2 week, and 9 to 10-month-old adult offspring. Although the NOdonor increased maternal NO metabolite excretion, the NO status of juvenile renal (and liver) tissue was unchanged as assayed by EPR spectroscopy of NO trapped with irondithiocarbamate complexes. Nevertheless, microarray analysis revealed marked differential up-regulation of renal ribosomal protein genes at 2 days and down-regulation at 2 weeks and in adult males. Such differential regulation of renal ribosomal protein genes was not observed in females. These changes were confirmed in males at 2 weeks by expression analysis of renal ribosomal protein L36a and by polysome profiling, which also revealed a down-regulation of ribosomes in females at that age. However, renal polysome profiles returned to normal in adults after early exposure to molsidomine. No direct effects of molsidomine were observed on cellular proliferation in kidneys at any age, and the changes induced by molsidomine in renal polysome profiles at 2 weeks were absent in the livers of the same rats. Our results suggest that the previously found prolonged antihypertensive effects of perinatal NO administration may be due to epigenetically programmed alterations in renal ribosome biogenesis during a critical fetal period of renal development, and provide a salient example of a drug-induced reduction of ribosome biogenesis that is accompanied by a beneficial long-term health effect in both males and females.
INTRODUCTION
Plasticity of organogenesis provides an opportunity for interventions in a specific window of early development that may have long-term beneficial or detrimental effects on adult health and disease (McMillen and Robinson, 2005) . One critical regulation of such plasticity is protein synthesis. Upstream factors affecting protein synthesis include tight regulations at multiple stages of ribosome biogenesis. For example, it is well known that epigenetic silencing of ribosomal DNA (rDNA) regularly occurs, even in proliferating cells (McStay and Grummt, 2008; Sanij and Hannan, 2009) . One exogenous factor that has been shown to affect rDNA and ribosome biogenesis is nitric oxide (NO). Exposure of cells to high levels of NO, using either NO-donors, or inducing expression Abbreviations: FHH, fawn-hooded hypertensive rat; NO, nitric oxide. of inducible NO synthase (iNOS), results in inhibition of the 80S ribosomal complex (Kim et al., 1998) and enhanced rRNA cleavage resulting in a reduction of both 60S and 80S ribosomal particles (Cai et al., 2000) .
Hypertension is associated with decreased NO availability (Wilcox, 2005) . The fawn-hooded hypertensive rat (FHH) is a genetic model of hypertension susceptible to progressive renal injury. In FHH hypertension is aggravated and the development of renal injury is accelerated when NOS is chronically inhibited, revealing partial NO dependency of the adult FHH phenotype (Van Dokkum et al., 1998) . Renal transplantation under different conditions has shown that blood pressure regulation is intricately linked to the kidney (Smallegange et al., 2004; Crowley et al., 2005) , and we hypothesized that this is also the case in the perinatal phase (Koeners et al., 2008a) . Recently, we observed that perinatal supplementation of FHH dams with molsidomine, an NO-releasing prodrug (Feelisch, 1998; Singh et al., 1999) , persistently lowered the blood pressure and attenuated the development of renal injury in male and female FHH (Koeners et al., 2008b) .
Long-term regulation of blood pressure is determined by the relationship between renal perfusion pressure and NaCl excretion, and this relationship is facilitated by renal NO availability (Cowley, 2008; Garvin et al., 2011) . Thus our interest is directed at mechanisms in the kidney that link availability of NO in early development to regulation blood pressure in adult life. Conceivably temporal changes in the regulation of renal protein synthesis via ribosomal control of gene translation could constitute such a link (Kasinath et al., 2006) . For instance, compensatory renal hypertrophy involves a global increase in polysome profiles within less than 1 day after uninephrectomy (Chen et al., 2005) . Based on the known effects of high levels of NO on the ribosomal elements in cultured cells, we hypothesized that ribosome biogenesis in vivo in the neonatal FHH kidney may also be regulated by NO availability. This perinatal regulation of ribosome biogenesis may then affect kidney organogenesis in a manner that impacts the long-term regulation of blood pressure and renal integrity.
Here we demonstrate that the perinatal administration of NO results in a dramatic biphasic change of ribosomal protein gene expression in FHH rats at 2 days and 2 weeks of age. This results in decreased post-translational levels of certain ribosomal proteins, and a remarkable reduction of assembled ribosome structures at the 2-week point. Intriguingly, we did not find an increase in renal NO content at 2 weeks in the offspring of NO-donortreated rats. Our results suggest that the increased availability of NO in gestation epigenetically alters renal ribosome biogenesis during a critical period of renal development. In conjunction with previously published findings, we conclude that this effect by NO may alter renal organogenesis in a manner that alleviates the hypertension phenotype normally experienced by FHH rats.
MATERIALS AND METHODS

ANIMAL EXPERIMENT
Fawn-hooded hypertensive rat were from our own colony, derived from the original colony at Erasmus University Rotterdam (FHH/EUR) maintained by Dr. A. Provoost. FHH dams were supplied with molsidomine (Sigma-Aldrich, Zwijndrecht, Netherlands) in drinking water (120 mg/L) 2 weeks before to 4 weeks after birth. Control FHH mothers and their offspring received regular tap water. All offspring from 4 weeks of age received regular tap water and regular chow (Special Diets Services, Witham, Essex, England). Offspring were sacrificed at 2 days, 2 weeks, 36 weeks (males), and 42 weeks (females). The adult ages were chosen when renal injury in males and females was similar. Kidneys were isolated and snap-frozen (for microarray analysis), kept on ice (for Western blotting and polysome profiling), or fixed in formaldehyde (for immunohistochemistry). Note that although functional and morphological data from the adult rats have been published previously (Koeners et al., 2008b) , all microarray data and all data pertaining to renal ribosomal proteins in adult kidneys is novel. Directly after weaning of the pups, the dams were placed in metabolic cages without food but with access to water with 2% glucose and 24-h urine was collected on antibiotic/antimycotic solution (Sigma-Aldrich) to prevent degradation of NO metabolites. NO metabolites were determined as described (Bongartz et al., 2010) . Sentinel animals were housed under the same conditions and regularly monitored for infections by nematodes, pathogenic bacteria, and antibodies for rodent viral pathogens (International Council for Laboratory Animal Science, Nijmegen, Netherlands). The Utrecht University Board for studies in experimental animals approved the protocol.
MICROARRAY
For an overview and extensive explanation of microarray data processing, please see Appendix. In short, a piece of snap-frozen kidney was put in 1 mL TRIzol (Invitrogen, Breda, Netherlands) containing 100-150 mg 1 mm glass beads (BioSpec Products, Bartlesville, OK, USA) and immediately homogenized in 30 s using a mini-beadbeater (BioSpec). The total RNA was isolated according to the manufacturer's instructions. Total RNA was purified using NucleoSpin RNA II kit (Macherey-Nagel, Düren, Germany). Samples were then put on Illumina BeadChips (RatRef-12) by ServiceXS 1 (Leiden, Netherlands). Kidneys from 2 days, 2 weeks, and adult FHH of both genders were used (at least n = 5/group). All samples were randomly placed on different arrays in order to minimize variation between BeadChips and between arrays.
After calculating the average intensity per probe, all arrays were Log 2 -transformed and Quantile normalized. The arrays were grouped and the average intensity was calculated. The significance of the differences in intensity between the groups was calculated using Cyber t -test. This final data containing normalized data, average intensity per group and statistical significance between groups were used in data evaluation. The data are submitted as MIAME-complaint to GEO 2 under accession number GSE27725.
The number of genes differentially expressed in the molsidomine samples were counted per age in each gender. These were then compared in order to elucidate whether there were genes persistently affected by molsidomine. The 40 genes that were most differentially regulated (20 up and 20 down) by molsidomine were collected at each age for each gender.
All genes encoding for ribosomal proteins were collected. The differentially expressed genes encoding for ribosomal proteins were compared at each age. In order to determine whether the effect of molsidomine on ribosomal genes was stronger than on general gene expression profiles, the ratio of differentially regulated ribosomal genes to the whole ribosomal gene population was compared to the ratio of total differentially expressed genes with whole microarray data in a size test.
WESTERN BLOT ANALYSIS
Fresh kidney samples were lysed on ice in lysis buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 2 mM EDTA, 1% Triton X-100; all from Sigma-Aldrich) plus protease inhibitors (Santa Cruz Biotech, #29130) and subjected to centrifugation at 14K rpm at 4˚C for 10 min. Protein content in the supernatants was quantified using Biorad Protein Assay. 6× Laemmli loading buffer was added to 50 μg samples which were then boiled for 5 min and loaded on a 10% SDS/PAGE gel. Transfers to PVDF membranes (Millipore, #IPVH00010) were done overnight at 15 V at 4˚C, blocked in 1 www.servicexs.com 2 http://www.ncbi.nlm.nih.gov/geo/
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August 2011 | Volume 2 | Article 52 | 2 5% milk/TBST solution for 1 h at RT, and subjected to blotting with αL36a (Abnova, #H00006173-M02) or α-actin (Santa Cruz Biotech, #1616) at dilutions of 1:200 in blocking buffer overnight at 4˚C. Either α-mouse (L36a) or α-rabbit (actin) HRP-conjugated secondary antibodies (GE Healthcare, #NXA931 and NA934) were used at a dilution of 1:5000 in TBST for 20 min at RT. Blots were washed 3× in TBST for 10 min at RT. Detection was done with the ECL Advance Western Blot Detection Kit (GE Healthcare, #RPN2135). Quantifications were performed using a GS-800 densitometer (Biorad, Veenendaal, Netherlands) and Quantity One software (Biorad).
POLYSOME PROFILING
The kidneys from FHH pups from control dams or dams treated with molsidomine were collected at age 2 days and 2 weeks, maintained fresh on ice, and processed for polysome profiling on the same day. For polysome profiling of adult tissue frozen kidney tissue was used. Comparisons were only performed between treated and control rats of both genders at each age. Livers from 2-week-old pups were used to determine tissue-specificity.
All steps of this protocol were performed at 4˚C or on ice. Gradients of 17-50% sucrose (11 ml) in gradient buffer (110 mM KAc, 20 mM MgAc 2 , and 10 mM HEPES pH 7.6) were prepared on the day prior to use. Kidneys were lysed in 500 μl polysome lysis buffer (gradient buffer containing 100 mM KCl, 10 mM MgCl 2 , 0.1% NP-40, 2 mM DTT, and 40 U/ml RNasin; Promega, Leiden, Netherlands) using a dounce homogenizer. The samples were centrifuged at 1200 g for 10 min to remove debris and loaded onto sucrose gradients. The gradients were ultracentrifuged for 2 h at 40,000 rpm in an SW41Ti rotor (Beckman-Coulter, USA). The gradients were displaced into a UA6 absorbance reader (Teledyne ISCO, USA) using a syringe pump (Brandel, USA) containing 60% sucrose. Absorbance was recorded at an OD of 254 nm. All chemicals came from Sigma-Aldrich unless stated otherwise.
TISSUE NO CONTENT
Endogenous NO levels in kidney and liver tissues of FHH pups were assayed at 2 weeks by NO trapping with irondithiocarbamate (Fe-DETC) complexes, as previously described (Koeners et al., 2007; Van Faassen et al., 2008) . Briefly, the yields of paramagnetic NO-Fe(II)-DETC complexes (mononitrosyl-iron complexes, MNIC) in tissues was quantified with EPR spectroscopy of intact frozen tissue sections at 77K. The tissues were reduced at room temperature with dithionite (50 mM for 15 min) to remove the overlapping EPR signal from paramagnetic Cu(II)-DETC complexes as commonly found in biological materials.
IMMUNOHISTOCHEMISTRY
Kidneys were fixed overnight at room temperature in 4% formaldehyde. The tissue was embedded in paraffin and 4 μm sections were made on silanized glass slides. The slides were baked at 58˚C overnight, deparaffinated, and rehydrated. Endogenous peroxidase was blocked using citric acid. For antigen retrieval, the sections were boiled for 20 min in citrate buffer (pH 6) and allowed to cool slowly. The sections were then blocked in 1% BSA (w/v) in PBS and incubated with rabbit-anti-pH3 (Santa Cruz Biotech, #1791) overnight at 4˚C. The sections were then incubated in anti-rabbit Powervision PO (Immunologic, #DPVR110 HRP) for 30 min at RT and developed using DAB. Finally the sections were counterstained in hematoxylin, dehydrated, and enclosed in pertex. The quantification was performed as follows: At 20× magnification random fields were chosen, taking care not to include the edges of the tissue. The number of positive cells was counted in three fields of two sections per kidney. The average of these six counts was used for analysis.
STATISTICS
For statistics in microarray, please refer to the methodology. For other measurements the values are expressed as means ± SEM. Data were compared with unpaired t -test, one-way ANOVA, and two-way ANOVA where appropriate followed by post hoc test Student-Newman-Keuls. P < 0.05 is considered significant.
RESULTS
BIOMETRICAL DATA
Biometrical data of FHH offspring and the number of rats studied are collected in Table 1 . Note that adult kidney weight and tail-cuff blood pressure data, which were published previously (Koeners et al., 2008b) , are included in the table for the sake of convenience. Molsidomine treatment decreased the kidney weight relative to body weight in 2-day-old females (P < 0.05) but not at older ages. However, in both male and female 2-week-old FHH rats relative kidney weight was unchanged. The kidneys of adult males exposed to perinatal molsidomine weighed less than controls, probably in association with reduced injury (Koeners et al., 2008b) . Perinatal molsidomine decreased systolic blood pressure in adult FHH offspring (Koeners et al., 2008b) . NO metabolites were determined in a 24-h collection of urine from FHH dams to substantiate the direct effects of molsidomine in their pups. Indeed, maternal urine NOx was increased by molsidomine (n = 4) vs. controls (n = 4) from 1.6 ± 0.1 to 2.6 ± 0.2 μmol/(100 g BW)/d (P < 0.01).
TISSUE NO CONTENT
Although the NO-donor increased maternal NO metabolite excretion, the NO status of 2-week-old renal (and liver) tissue was unchanged as assayed by EPR spectroscopy of NO trapped with iron-dithiocarbamate complexes ( Table 2) . Unfortunately, the NO trapping procedure is not possible in 2-day-old pups.
MICROARRAY
Perinatal treatment with molsidomine significantly affected transcription of hundreds of genes at 2 days and at older ages (see Figure A1 in Appendix). The data also clearly shows that the transcriptional effect of molsidomine differs between ages. Few genes remained differentially expressed at all ages and those that did displayed bidirectional expression between ages.
The 40 most differentially expressed genes (20 induced and 20 reduced) were nearly all different between males and females at the same age. Several genes encoding for ribosomal proteins were present in the top 20 genes in males at all ages, however were less present in the top 20 of females (see Tables A1A-F in Appendix).
www.frontiersin.org (Koeners et al., 2008b) are included for the sake of convenience. The present study is focused on the changes in ribosomal protein gene expression. Remarkably, these ribosomal protein genes in males were differentially induced by molsidomine at 2 days, then differentially reduced by molsidomine at both 2 weeks and in adults (see Figures 1 and 2 ; the collection of genes are shown in Table A2 in Appendix). These changes in ribosomal protein gene expression were significant at all ages (P < 0.05) and this effect was specific for ribosomal genes only in males (vs. all genes in the microarray; P < 0.001).
PROTEIN EXPRESSION OF L36a
In order to determine if the changes in ribosomal protein gene expression suggested by the microarray analysis could be verified at the protein level, we analyzed the expression of ribosomal protein L36a at 2 days and 2 weeks. Table A2 in Appendix shows that genes coding for the ribosomal protein L36a are subject to some of the most significant up-regulation at 2 days and downregulation at 2 weeks (and in adults) in molsidomine-treated FHH males. Note that more than one ribosomal protein L36a gene from different chromosomes is listed on Table 2 . Western blot analysis of kidney samples of FHH rats demonstrated that ribosomal protein L36a protein tends to be down-regulated by molsidomine in 2 week males (Figure 3) . Quantification of three independent experiments verified that this change in ribosomal protein L36a protein expression occurred only in molsidomine-treated males at 2 weeks (Figure 3) . These results suggest that despite the increase in ribosomal protein gene expression seen in 2-day-old molsidomine-treated FHH males, this increases does not manifest www.frontiersin.org FIGURE 3 | Western Blot on ribosomal protein L36a. Western blot analysis was performed on kidneys lysates from 2 day and 2 week control and molsidomine FHH rats of both genders using an antibody against ribosomal protein L36a (upper panel). The measured band intensity of ribosomal protein L36a was normalized by α-actin of the same sample (ribosomal protein L36a/actin). The molsidomine effect on ribosomal protein L36a/actin is expressed relative to the age-and gender matched control, shown in graph by the dotted line (lower panel). The reduction in 2 week molsidomine males is borderline significant (P = 0.1). All 3 replicates are biological.
as an increase in ribosomal protein levels (see also Figure 4 ). In contrast, the western blot results suggest that the decrease in ribosomal protein gene expression at 2 weeks in molsidomine-treated rats indeed does affect L36a proteins levels, as also supported by the profiles of Figure 4 .
RIBOSOMAL EVALUATION
Polysome profiling was performed on kidneys and the effects on the peaks representing the small ribosomal subunit (40S), large ribosomal subunit (60S), and monosome (80S) were determined (Figure 4) . Two days after birth and in adults, molsidomine had no effect on polysome profiles, but 2 weeks after birth all peaks were significantly reduced by molsidomine in both males and females (P < 0.01). This effect may be specific to the kidney, as no effect of molsidomine was observed in males at 2 weeks of age in liver polysome profiles ( Figure 5 ). Northern blotting was performed on total RNA from 2 week FHH kidneys in order to determine rates of rRNA processing ( Figure A2 in Appendix). However, no differences were observed in processing using probes binding to either the external transcribed spacer (ETS) or the internal transcribed spacer 1 (ITS1).
IMMUNOHISTOCHEMISTRY
In order to determine if molsidomine resulted in a mitotic index change, we subjected kidneys from FHH rats to staining with a phospho-specific histone-3 (pH3) antibody (Figure 6 ). We saw no difference in the number of pH3-positive cells on molsidominetreated FHH rat kidney slices compared to controls. As expected the number of pH3-positive cells decreased as the age of the rats increased. No pH3-positive cells were observed in adults (data not shown).
DISCUSSION
Nitric oxide donors are known to inhibit proliferation of mesangial and other glomerular cells in vitro (Rupprecht et al., 2000) . Little is known about the effects of NO-donors on early growth and nephrogenesis. Recently we observed that administration of NO-donors during early development ameliorates the long-term phenotype in the FHH rat model of progressive hypertensionlinked renal injury (Koeners et al., 2008b) . Assuming that the direct effects of the NO-donor in early development were related to an as of yet undefined aspect of renal development, the present study focused on a global analysis of ribosomal proteins as a key step in the post-transcriptional regulation of protein synthesis.
The prominent presence of ribosomal protein genes, especially in FHH males, on the lists of the most differentially expressed genes as a result of perinatal NO administration led us to examine how these changes in gene expression affected the protein levels of an individual ribosomal protein as well as the structures of mature, assembled ribosomes. Interestingly, when we measured the protein level of one of the most significantly differentially expressed gene in FHH males, ribosomal protein L36a, we found that only at 2 weeks of age did the change in gene expression correlate with a change in protein expression. This is in contrast to the ribosomal protein L36a protein levels at 2 days, which show no increase despite a substantial increase in ribosomal protein L36a gene expression at that age in males. This discrepancy may be due to the ribosome biogenesis machinery being saturated at 2 days of age and unable to incorporate higher levels of ribosomal proteins. The tight regulation of this biogenesis may likely be degrading excess ribosomal proteins at the protein level or blocking translation of ribosomal proteins at the mRNA level, although at present our data cannot distinguish between these two possibilities. No change in ribosomal protein L36a protein expression was observed in FHH females at 2 weeks of age, but this is not surprising given that no significant gene expression change of ribosomal protein L36a is seen in these animals. However, given the following data, it is likely that there is a reduction of one or more key ribosomal proteins at the protein level in FHH females at 2 weeks. Conceivably by the time the FHH rat has reached adulthood the kidney cells have adjusted the half-lives and/or degradation rates of certain ribosomal proteins in order to reach the normal number of mature ribosome structures.
The most significant finding of this study was that at 2 weeks after birth, i.e., at the end of nephrogenesis (Marquez et al., 2002) , perinatal NO administration resulted in a global reduction of ribosome structures in both male and female FHH rats. All of the peaks representing major ribosome structures were found to be substantially decreased in molsidomine-treated FHH rats at 2 weeks of age. This global reduction in NO-treated females at 2 weeks was surprising because only two ribosomal protein genes, coding for ribosomal protein L16 and ribosomal protein L21, were FIGURE 4 | Polysome profiles of kidneys. Kidneys from control 2 day old (males n = 5, females n = 6), 2 week old (n = 8 in both genders), and adult (n = 4 in both genders) and molsidomine-treated 2 day old (males n = 4, females n = 6), 2 week old (n = 9 in both genders) and adult (n = 5 in both genders) FHH rats were profiled to measure the total number of assembled ribosome structures. The peaks of 40S, 60S, and 80S were normalized against the left-most peak and the results shown in the corresponding histograms. # P < 0.01 vs. untreated of the same peak.
significantly reduced. Ribosomal protein L16 gene expression was not reduced by molsidomine in FHH males at 2 weeks, but strikingly 6 out of the 45 genes that were significantly reduced coded for ribosomal protein L21. This suggests that ribosomal protein L21 may be a key ribosomal protein in the biogenesis of the 60S large subunit and may also play an unappreciated role in the biogenesis of the 40S subunit. Additionally, ribosomal protein L21 appears to be important in the development of craniofacial organs (Xie et al., 2009 ) and a missense mutation in L21 leads to hereditary hypotrichosis simplex in humans (Zhou et al., 2011) . Our findings suggest that ribosomal protein L21 may have an as yet unrecognized role in the development of blood pressure control mechanisms of the kidney.
To our knowledge, this is the one of the most striking examples of a drug-induced decrease in ribosome biogenesis in an animal model to date that is not accompanied by deleterious effects. For example, rapamycin, a powerful inhibitor of the mTOR pathway that directly regulates ribosome biogenesis, when injected into rats had only a slight effect on polysome profiles of liver tissue (Reiter et al., 2004) . However, doses of rapamycin as low as 1 ng/mL have been shown to negatively affect cell function and contribute to cell death, for instance in rodent islet cells (Bell et al., 2003; Tanemura et al., 2009) . Moreover, many vertebrate and invertebrate models of deficiency of a single ribosomal protein due to gene deletion, knockdown, or missense mutations often show severe phenotypes (Caldarola et al., 2009) , and www.frontiersin.org FIGURE 5 | Polysome profiles of livers. Livers from 2-week-old FHH males were profiled to measure the total number of assembled ribosome structures. The peaks of 40S, 60S, and 80S were normalized against the left-most peak and the results shown in the corresponding histograms. Black and gray lines are from the control and molsidomine groups, respectively. models of biallelic loss of every ribosomal protein gene (with the one exception of ribosomal protein L22; Anderson et al., 2007) results in lethality. In contrast, our data suggest that a decrease of ribosome biogenesis during a critical period of nephrogenesis results in permanent physiologic changes to the kidney, which in turn ameliorate the hypertension phenotype late in life. Interestingly, the effects of exogenous NO on ribosomal biogenesis did not affect the liver, underlining the crucial role of NO in the developing cardiovascular system (Bustamante et al., 1996) . An obvious change linked to a decrease in ribosome biogenesis would be a reduction in proliferation. However, immunohistochemistry did not reveal a change in proliferation. Note that although SIN-1, the active metabolite of molsidomine, can generate peroxynitrite in vitro, it appears to function solely as a NO-donor at in vivo oxygen concentrations (Singh et al., 1999) . Indeed, recently we supplemented molsidomine to rescue cardiac function in rats with cardiorenal failure and found no increase in 3-nitrotyrosine in heart, kidney, or liver (Bongartz et al., 2010) .
The mechanism of action of NO administered perinatally to FHH rats on ribosomal protein gene expression and the subsequent reduction of ribosome structures remains unclear. Indeed, direct measurement of whole kidney NO content at 2 weeks failed to show any effect of maternal NO-donor treatment, suggesting that the decrease in ribosome biogenesis at 2 weeks is programmed by an earlier event. Possibly maternal molsidomine intake results in increased placental transfer of NO adducts and increased fetal renal NO content. Alternatively, indirect effects on the placental circulation could play a role. Indeed, although previous studies (Cai et al., 2000) suggest a link between NO, rRNA synthesis and proliferation, we were unable to establish any differences in prerRNA levels in our model that would support direct effects of exogenous NO on rRNA production (Figure A2 in Appendix). This suggests that the effect of NO at 2 weeks more likely lies within epigenetically programmed transcriptional changes of ribosomal protein genes, as demonstrated by the microarray results. Note that in a previous study we did find an increase in offspring kidney NO content when spontaneously hypertensive rat (SHR) dams were treated with citrulline (Koeners et al., 2007) . Subsequently siblings of these SHR had a lower blood pressure than control SHR. The results of the present study suggest that mechanisms underlying the antihypertensive effects of perinatal administration of the NO-donor molsidomine in rats with genetic hypertension could be quite different.
It has been previously established that perinatal NO administration alleviates the hypertension phenotype in FHH rats (Koeners et al., 2008b) . The present study suggests a potential mechanism underlying this phenotype alleviation. At this stage we have no direct proof that the remarkable ribosomal changes we observe provide the causal mechanism for the beneficial effects of maternal NO on the blood pressure and renal function of the offspring. However, our data demonstrate a novel possibility that long-term amelioration of hypertension by NO in gestation may induce epigenetic changes that affect the postnatal transcription of ribosomal protein genes and a reduction of ribosome structures during a critical period of nephrogenesis. 
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APPENDIX METHODOLOGY MICROARRAY
After the hybridization of the samples to Illumina BeadChips RatRef-12 the raw data set containing all probes of each BeadArray was received. Each sample consisted of approximately 1 million beads, interrogating about 23K unique probes encoding genes (n = 22523), controls, housekeeping genes, and negative controls (n = 825). Each gene is probed with at least 30 beads. Before averaging the intensities of beads per probe, the outliers were removed, using the same approach to removing outliers as in BeadStudio. The removal of outliers was based on median ± 3× median absolute deviation (MAD) and all beads with intensities outside the area of median ± 3× MAD were removed. Outliers were frequent for each probe. In our hands close to 90% of the probes had outliers. Note that the outliers in "empty" beads, the negative controls (NC), were not removed, as they were considered to be background noise of the beads themselves. After removal of outliers (average 3 beads) the number of beads per probe averaged 39 beads. After the test, the intensities of beads per probe are averaged for further data processing. Before the normalization procedure, the significance of a call from a gene was detected by applying a detection score that is dependent on the distribution of the intensities and the average intensity of the gene and NC (regardless of the number of NC). In this framework we performed the appropriate Student's t -test between the beads of a gene and the average intensity of all NC on the same array including testing (in)equality between two population variances in order to enhance reliability of the t -test. All probes with a significant call above the negative background were considered biologically active in the respective sample.
The software (T4Illumina) was written to process the raw data by averaging the intensities and determining the call of a gene, including determining the (un)equality of variance and many more. This software is available at request.
The significance of the presence of a gene in a group of samples ( Figure A1 ) is outside the scope of the present study and will not be handled in this document. Note that all genes presented in the present study are significantly biologically active.
The averaged intensities, after removal of outliers, of the probes from all BeadArrays are Log 2 -transformed and quantile normalized. Next the arrays were grouped accordingly and the average intensity per group was calculated. Finally the significance of the differences in intensities between the groups was calculated using Cyber t -test. Cyber-T is a statistics program designed specifically for microarray data (http://cybert.ics.uci.edu/). The normalization, averaging, and statistics procedures can all be performed by the software FlexArray (http://gqinnovationcenter.com/services/bioinformatics/ flexarray/index.aspx?l=e).
NORTHERN BLOT
Total RNA was isolated from kidneys using Trizol using the procedure as recommended by the supplier (Invitrogen). Five microgram of RNA was run on a formaldehyde 1% agarose gel in MOPS buffer and DEPC-treated water for 4 h at 50 V. The gel was soaked in 50 mM NaOH for 15 min followed by 5 min in DEPCtreated water followed by 30 min in 10× SSC buffer. The RNA was transferred to a positively charged nylon membrane (GE Healthcare) overnight by capillary action and bound to the membrane by UV-crosslinking at 120 mJ. The blots were hybridized with DNA probes overnight in ExpressHyb Hybridization Buffer (Clontech) at 65˚C. ETS and ITS1 DNA probes were made using the following primers: ETS FW: 5 -GTCTCGGTACGGGTGTGTC-3 and REV 5 -TTTTTCCCCTTCCTCCTTTC-3 ; ITS1 FW 5 -GGCCTGTGTGAGTGTTCCTC-3 and REV 5 -TCAAGGGAAGA GCGAGAAAA-3 . Probes were labeled with 32 P-αCTP (PerkinElmer) using a random primer DNA labeling system (Invitrogen). Following hybridization, blots were washed twice for 30 min with 0.1% SDS/0.2× SSC at 65˚C. Blots were exposed on storage phosphorimaging screens (Molecular Dynamics) overnight and scanned using a Typhoon Scanner (GE Healthcare). Frontiers in Genetics | Epigenomics Frontiers in Genetics | Epigenomics Frontiers in Genetics | Epigenomics 
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August 2011 | Volume 2 | Article 52 | 20 FIGURE A2 | Northern Blots. Northern blotting was performed on kidneys from 2 week FHH in order to determine rates of pre-rRNA processing. ETS: external transcribed spacer. ITS1: internal transcribed spacer 1. Ethidium bromide (EtBr) is shown as loading control. Note the slight decrease of molsidomine-treated males is due to loading (seen by EtBr) and not due to processing defects of pre-rRNA.
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